Synthetic monosaccharide lipid A analogs with alkyl-branched acyl substituents instead of the usual esterbranched acyl substituents were investigated for their biological activities. The activities were compared with those of a representative synthetic monosaccharide lipid A analog with an ester branch (GLA-60) and synthetic complete lipid A (506) to estimate the role of the attaching mode of the branched side chains for expression of endotoxic activities. Among the analogs with alkyl branches, GLA-146 and GLA-147, which have C 12 and C 14 alkyl side chains, respectively, showed strong endotoxic activities. These analogs exhibited comparable or stronger activities than those of GLA-60 in murine macrophage activation activities to induce mediators such as tumor necrosis factors, interleukin 6, and nitric oxide and in mitogenic activity towards murine spleen cells; however, these activities were weaker than the respective activities of 506. With respect to lethal toxicity to galactosamine-sensitized mice, the analogs showed stronger activity than that of GLA-60 and activity closer to that of 506. With respect to adjuvant activity, no significant activity was observed in the analogs, while the activities of GLA-60 and 506 were strong. When lipopolysaccharide-resistant C3H/HeJ mice were used, the activities described above were not observed either for the analogs under investigation nor for GLA-60 and 506. These findings indicate that the ester type of branch in lipid A and its analogs does not play an indispensable role in the expression of various endotoxic activities. However, it may play some role in the expression of adjuvant activity and in lowering the level of toxicity.
Bacterial endotoxin is a cell wall component of gram-negative bacteria that exhibits a wide variety of biological activities, including pathogenic activities to induce septic shock and immunomodulating activities when it is released from the cell by lysis or disruption of bacteria. The chemical principle of endotoxin is lipopolysaccharide (LPS), and its lipid moiety, called lipid A, was proved to be the active center for the expression of endotoxic activities by the application of a chemically synthesized lipid A (4, 7, 12) . The synthetic lipid A named 506 exhibited activities identical to those of its counterpart prepared from a natural LPS, and the structure of biologically active lipid A was confirmed. The structure is a ␤-1,6-linked D-glucosamine disaccharide substituted by phosphate groups at the 1 and 4Ј positions and acyl groups at the 2, 3, 2Ј, and 3Ј positions (see Fig. 1 ). Two of the acyl groups, at the 2 and 3 positions, are hydroxyacyl groups, and the other two, at the 2Ј and 3Ј positions, are acyloxyacyl groups (acyl groups with esterlinked side chains). Studies on the structure-activity relationship of lipid A have been conducted with various types of synthetic lipid A analogs, including structurally simplified monosaccharide lipid A analogs (8, 16) . In a series of studies, the important role of acylation patterns in the expression of endotoxic activities has been demonstrated by changing the total number of acyl components or their carbon chain length in the analogs (8, 9) . As for the branched acyl groups in the analogs, however, only the ester-branched type has been introduced since no other types of branched acyl groups have been found in natural lipid A and no modification studies of the substituents have been carried out. GLA-60 (see Fig. 1 ) is a representative synthetic monosaccharide lipid A analog with an ester-branched acyl group exhibiting broad endotoxic activities. In the present study, the ester-branched acyl group of GLA-60 was altered to alkyl-branched types, and their biological activities were tested to determine the role of the attaching mode of the branched side chain in the expression of endotoxic activities.
MATERIALS AND METHODS
Animals. C57BL/6 and C3H/He mice were used as LPS-responsive mice, and C3H/HeJ mice were used as LPS-nonresponsive mice. Mice were bred and maintained in our animal colony under standard care and used at the age of 6 to 14 weeks.
Reagents. Monosaccharide lipid A analogs were synthesized chemically as described elsewhere (19) . The purity of the analogs was confirmed to be very high, without detectable contaminants. The structures of these compounds are shown in Fig. 1 . These compounds were solubilized and stabilized by treatment with triethylamine and bovine serum albumin as described previously (15) . A mock control solution was prepared by the same solubilization procedure without lipid A analogs for use as the negative control. All of the test compounds were solubilized as clear solutions and stored at a final concentration of 200 g/ml in pyrogen-free distilled water at 4ЊC until use. The stock solutions were sonicated before being used in experiments. Synthetic lipid A (506) was obtained from Daiichi Pure Chemicals Co., Ltd. (Tokyo, Japan), and solubilized by the same method as that used for the lipid A analogs. The LPS used was the uniform triethylamine salt form of Salmonella abortus equi LPS (5), donated by C. Galanos, Max-Planck-Institut für Immunbiologie, Freiburg, Germany. D-Galactosamine-HCl (GalN) was purchased from Sigma Chemical Co., St. Louis, Mo.
Culture media. RPMI 1640 medium (Flow Laboratories Co., Ltd., Rockville, Md.) supplemented with 10 mM HEPES (N-2-hydroxyethylpiperazine-NЈ-2-ethanesulfonic acid), 2 mM L-glutamine, 100 U of penicillin per ml, 100 g of streptomycin per ml, 0.2% NaHCO 3 , and heat-inactivated fetal calf serum (FCS; 1 to 10%) was used (FCS-RPMI medium) for macrophage culture. This medium was also used for spleen cell culture in the experiment for mitogenic activity. Eagle's minimum essential medium (Flow Laboratories) supplemented with 10 mM HEPES, 2 mM L-glutamine, 100 U of penicillin per ml, 100 g of streptomycin per ml, 0.2% NaHCO 3 , and 10% FCS (EMEM) was used for spleen cell cultures in the adjuvant activity experiment.
Cells. To obtain murine macrophage cells, mice were injected intraperitone-ally (i.p.) with 2 ml of 3% thioglycolate broth, and peritoneal exudate cells obtained 4 days later were plated on 24-well tissue culture plates (Sumitomo Bakelite Co., Ltd., Tokyo, Japan) at a density of 10 6 cells per ml per well. Adherent cells obtained after 2 to 3 h of incubation at 37ЊC in a CO 2 incubator and repeated washing were used as macrophages. Of the adherent cells, more than 95% were macrophages, judging from morphologic criteria, phagocytosis, and nonspecific esterase staining.
Spleen cells were prepared as follows. Spleens from mice were homogenized in Hanks' balanced salt solution (Flow Laboratories), and the cells were harvested after removing debris and then suspended in Tris-HCl buffer (pH 7.2) containing 0.83% NH 4 Cl to lyse erythrocytes. The remaining cells were washed with Hanks balanced salt solution and then used in a suspension with medium for each experiment (FCS-RPMI medium or EMEM).
Determination of TNF activity. Tumor necrosis factor (TNF) activity in a culture supernatant of macrophages was measured by a cytotoxic assay against L-929 cells in the presence of actinomycin D basically as described by Ruff and Gifford (21) . Cell lysis was determined by crystal violet staining of viable cells. TNF activity (units per milliliter) was calculated from the dilution factor of test samples necessary to cause 50% cell lysis, with correction by an internal standard of a recombinant human TNF-␣ in each assay.
IL-6 assay. Interleukin 6 (IL-6) activity in a culture supernatant of macrophages was measured by the proliferation of an IL-6-dependent mouse hybridoma cell line, B13.29 (1) . Viability of the cells was measured in a colorimetric assay with a tetrazolium salt (17) . Briefly, serial dilutions of test samples were incubated with 2 ϫ 10 4 B13.29 cells for 72 h in 96-well culture plates. For the last 3 h of the culture, the cells were incubated in the presence of MTT (3-[4,5-dimethyl-thiazo-2-yl]2,5-diphenyltetrazolium bromide). The supernatant was removed, and the formazan produced by the viable cells was dissolved with isopropanol solution containing 5% formic acid. The violet color of the formazan was measured with an enzyme-linked immunosorbent assay (ELISA) plate reader at 540 nm. IL-6 activity (units per milliliter) was calculated as the dilution factor to induce 50% cell growth, with correction by an internal standard of recombinant human IL-6.
Measurement of NO production. The nitric oxide (NO) production in the macrophage culture supernatants was assessed by measuring nitrite, a stable end product of NO. Griess reagent was used for the assay (6 20 Ci/mmol) per well for the last 4 h of the culture, collected in glass fiber filters, and washed with distilled water. Uptake of radioactivity in the cells was measured by a liquid scintillation system (Aloka model LSC-3500).
Determination of adjuvant activity. The antibody-forming cell (AFC) response of mouse spleen cells to sheep erythrocytes (SRBC) was determined basically by the hemolytic plaque assay method in vitro (2) . Briefly, spleen cells from C57BL/6 mice at a density of 10 7 cells per well of 24-well culture plates were incubated with test samples with or without SRBC (10 7 cells) in 2 ml of EMEM at 37ЊC with 5% CO 2 for 2 days. The cells were harvested and washed three times with EMEM. Anti-SRBC AFCs in the washed cells were determined by the plaque-forming cell assay (10) with SRBC as indicator cells.
Lethal toxicity test in GalN-sensitized mice and tolerance induction against LPS lethality. In the experiment on lethal toxicity, mice were administered GalN solution (18 mg in 0.5 ml of saline) i.p. just before intravenous (i.v.) administration of a test sample solution in saline (0.2 ml). For the tolerance-inducing experiment, mice were injected i.v. with test samples 3 h before i.p. administration of GalN-LPS solution (18 mg and 0.1 g, respectively, in 0.5 ml of saline).
In both experiments, test sample solutions with serial 10-fold dilutions from 10,000 ng/0.2 ml were administered to 6 to 12 mice per group, and survival of the mice was observed for 5 days. Fifty percent lethal dose (LD 50 ) values for lethal toxicity and 50% effective dose (ED 50 ) values for tolerance induction were calculated by the method of Kärber (11) from the ratio of number of dead mice to total number of mice at each dose and from the ratio of number of surviving mice to total number of mice at each dose, respectively.
RESULTS

Action of monosaccharide lipid A analogs with alkylbranched acyl substituents towards murine peritoneal macrophages.
Cultures of peritoneal exudate macrophages from C3H/He mice were stimulated with lipid A analogs to examine whether the analogs with alkyl-branched acyl substituents exhibit macrophage activation activities. The activities were estimated by measuring production of TNF, IL-6, and NO in the culture supernatant. The results are shown in Fig. 2 . In TNFproducing activity, lipid A analogs with alkyl-branched acyl substituents such as GLA-146 with a C 12 side chain and GLA-147 with a C 14 side chain exhibited stronger activity than that of GLA-60 ( Fig. 2A) . However, the strength of activity did not reach that of 506 (synthetic lipid A). The activity of GLA-148 with a C 16 alkyl side chain was weaker than that of GLA-60, and that of GLA-149 with a C 18 alkyl side chain was very weak. In IL-6 and NO production, a tendency similar to that for TNF production was observed, as shown in Fig. 2B and C, respectively. These results show that when the ester group of the fatty acid branching is replaced with an alkyl group, it does not appreciably affect the biological activities measured.
The ability of the analogs to activate macrophages from LPS-nonresponsive C3H/HeJ mice was examined. Cultures of C3H/HeJ macrophages were stimulated by the analogs, and production of the three mediators was assayed under the same conditions as those described above. None of the three mediators was produced from C3H/HeJ macrophages by stimulation with any of the analogs with alkyl branches up to a concentration of 10 g/ml (data not shown). Similar results were obtained for GLA-60 and 506 when they were used as stimulators for the mutant macrophages.
The tolerance-inducing potency of the analogs against LPSstimulated macrophage activation was also examined (14) . Macrophages from LPS-responsive C3H/He mice were precultured with the analogs to induce tolerance. The cells were washed and then stimulated with LPS to produce cytokines. Tolerance-inducing potency was estimated from the reduction 
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on January 27, 2018 by guest http://iai.asm.org/ of LPS-stimulated cytokine production. Figure 3 shows the results of an experiment of tolerance induction of the analogs against LPS-stimulated IL-6 production. In this activity again, GLA-146 and GLA-147 exhibited stronger activity than that of GLA-60 but not as strong activity as that of 506. The activity of GLA-148 was weaker than that of GLA-60, and that of GLA-149 was much weaker. Similar results were obtained in tolerance-inducing activity against LPS-stimulated TNF production (data not shown). These results suggest that the mechanism of action of the lipid A analogs with alkyl branches to macrophages is the same as, or share some common processes with, those of LPS, 506, and GLA-60. Mitogenic activity of the lipid A analogs towards murine spleen cells. Mitogenic activity of the lipid A analogs towards spleen cells from C3H/He mice is shown in Fig. 4 . At a concentration of 5 g/ml, GLA-146 and GLA-147 exhibited strong mitogenic activity comparable to that of GLA-60. At the same concentration, the activity of GLA-148 and GLA-149 was much weaker than that of the analogs mentioned above.
The mitogenic activity of the analogs towards spleen cells from LPS-nonresponsive C3H/HeJ mice was also examined. In this case, neither the analogs with alkyl branches, GLA-60, nor 506 exhibited any significant activity at a concentration of either 5 or 50 g/ml. These results indicate that like GLA-60 and 506, the lipid A analogs with alkyl branches also exhibit mitogenic activity towards murine spleen cells by stimulating LPSspecific mechanisms.
Adjuvant activity of the lipid A analogs to induce antigenspecific AFCs. Spleen cells from C57BL/6 mice were cultured in the presence of the lipid A analogs with or without an antigen. SRBC were used as the antigen, and the AFCs against 3 . Activity of lipid A analogs with alkyl-branched acyl substituents to induce tolerance against LPS-stimulated IL-6 production in macrophages. Thioglycolate-elicited peritoneal macrophages from C3H/He mice (10 6 cells per ml) were precultured for 17 h with the indicated concentrations of test samples, GLA-146 (ᮀ), GLA-147 (E), GLA-148 (Ç), GLA-149 (É), GLA-60 (F), and 506 (s). The cells were washed and then cultured with fresh medium supplemented with LPS (10 ng/ml). The culture supernatants were collected 24 h later, and IL-6 production was measured. Triplicate samples at each concentration were examined, and the mean IL-6 production was determined. The IL-6 production in the control group, in which the cells were precultured without any supplement, was 1,062 Ϯ 181 U/ml. No significant suppression was observed in the mock control group. Similar results were obtained in another independent experiment. This number is considered to be the total AFC number induced by specific and nonspecific stimulation with SRBC. The difference between the total AFC number (hatched bar) and the corresponding AFC number of polyclonal B-cell activation activity (open bar) is considered to be the AFC number induced by SRBC-specific stimulation. Adjuvant activity of the analogs to induce antigen-specific AFCs is estimated from the increase in this SRBC-specific AFC number. As shown in Fig.  5 , none of the lipid A analogs with alkyl branches showed significant increases in the SRBC-specific AFC number. In contrast to these analogs, GLA-60 and 506 showed remarkable increases in AFC number. In the expression of this adjuvant activity, a clear difference was observed between the lipid A analogs with alkyl branches and GLA-60 or 506. These results suggest that the acyloxyacyl ester group plays an important role in the adjuvant activity of lipid A.
Lethal toxicity of the lipid A analogs to GalN-sensitized mice. When LPS-responsive C57BL/6 mice were used for the lethal toxicity test, the highest toxicity among the lipid A analogs was seen in GLA-146. As shown in Table 1 , the LD 50 value of GLA-146 (32 ng per mouse) was of the same order as that of lipid A (16 ng per mouse) and much lower than that of GLA-60 (794 ng per mouse). The toxicity of GLA-147 and GLA-148 was lower than that of GLA-146 in this order but still greater than that of GLA-60. The toxicity of GLA-149 was undetectable even at the highest dose (10,000 ng per mouse) examined.
When LPS-nonresponsive C3H/HeJ mice were used in the lethal toxicity test, no lethal toxicity was observed with GLA-60 and 506 at a dose as high as 10,000 ng per mouse (Table 1) . Similarly, lethal toxicity of GLA-146 and GLA-147 was not seen in this strain of mice.
The potency of the lipid A analogs to induce tolerance against LPS lethality in GalN-sensitized mice was also examined. C57BL/6 mice were injected with lipid A analogs in various doses 3 h before lethal challenge by LPS with GalN. Tolerance-inducing activity was represented by an ED 50 value, which is the dose required to protect 50% of the mice from death by LPS. As shown in Table 2 , the ED 50 values for tolerance induction correlated very well with the LD 50 values for lethality. Namely, the highest activity among the analogs was seen in GLA-146 (ED 50 , 18 ng per mouse), which was comparable to that of lipid A (LD 50 , 13 ng per mouse), and the activity decreased in GLA-147, GLA-148, and GLA-149, in that order. The activity of GLA-148 was the same as that of GLA-60, and that of GLA-149 was much weaker. These results together with those of lethal toxicity suggest that the analogs with alkyl branches also exhibit lethal toxicity by the LPSspecific pathway which is common to GLA-60 and 506. Activities of lipid A analogs with ␣-alkyl-branched acyl substituents. In addition to the lipid A analogs with alkyl branches from the 3 position (␤-position) of a primary acyl (tetradecyl) group mentioned above, analogs with alkyl branches from the 2 position (␣-position) of the primary acyl group, GLA-113, GLA-114, and GLA-115 (Fig. 1) , were also examined for biological activities. Compared with the activities of GLA-60, these analogs containing ␣-alkyl-branched acyl substituents exhibited stronger, similar, and more than 10 times stronger activities in TNF-inducing, mitogenic, and lethal activities, respectively (Table 3) . These activities were comparable to those a Groups of 6 to 12 mice were injected with GalN (18 mg, i.p.) and test samples (i.v.) at doses of serial 10-fold dilutions. Survival of the mice was observed for 5 days, and LD 50 values were calculated from the ratio of number of dead mice to total number of mice at each dose of test samples by the method of Kärber (11) .
b Ͼ10,000, none of the mice died at the highest dose (10,000 ng/ml) tested. c NT, not tested. a Groups of 6 to 12 C57BL/6 mice were injected i.v. with test samples at doses of serial 10-fold dilutions. The mice were challenged 3 h later with GalN-LPS (18 mg and 0.1 g, respectively, i.p.), and survival of the mice was observed for 5 days. All of the control mice challenged with the GalN-LPS without pretreatment died. ED 50 values were calculated from the ratio of number of surviving mice to total number of mice at each dose of test samples by the method of Kärber (11) .
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DISCUSSION
The structures of lipid A of different bacterial origins show some variation in acylation patterns, e.g., carbon chain length, number of acyl components, and binding sites of branched acyl groups to the backbone sugar. In synthetic lipid A analogs, more variations than those found in the natural structures were introduced, and the structure-activity relationship was studied (8, 9, 20) . As a result, it was found that, for expression of endotoxic activities, six acyl components with a carbon chain length between 10 and 14 are suitable for a bisphosphorylated diglucosamine backbone, and three such acyl components are suitable for a monophosphorylated monoglucosamine backbone. This finding was obtained from analogs with usual esterbranched acyl groups but not from analogs with any other branch types of acyl groups. The present investigation points the way to a new field of study regarding the branch type of acyl groups, demonstrating that the usual ester-branched acyl groups in lipid A analogs can be replaced by alkyl-branched acyl groups without reducing endotoxic activities such as macrophage activation, mitogenic, and lethal activities. Higher activities were observed in analogs GLA-146 with a C 12 side chain and GLA-147 with a C 14 side chain than in analogs GLA-148 and GLA-149 with longer side chains. Analogs GLA-113, GLA-114, and GLA-115 (Fig. 1) , which have ␣-branches different from the usual ␤-branches, showed strong endotoxic activities comparable to or somewhat stronger than those of GLA-60 and GLA-147 with ␤-branches (Table 3) . These analogs have alkyl side chains of from C 10 to C 14 . The activities rapidly decreased in analogs with shorter (C 8 ) or longer (C 16 ) alkyl side chains (data not shown). Another type of synthetic monosaccharide lipid A analog, named SDZ MRL 953, was recently reported to exhibit various biological activities (13) . This compound has no branched acyl group but has three C 14 acyl groups directly attached to a 1-phosphonoglucosamine backbone at positions 2, 3, and 4. All of these monosaccharide lipid A analogs exhibiting the high biological activities mentioned above have three acyl (or alkyl) components with a carbon chain length of between 10 and 14. Weak biological activities of monosaccharide lipid A analogs with two or four acyl components have been reported (8) . These results indicate that the mode of attachment of the branched side chains in acyl substituents of lipid A analogs is a less important determinant of biological activity than the number and chain length of the acyl components.
As was the case for GLA-60 and 506, macrophage activation, mitogenic, and lethal activities were not expressed for the lipid A analogs with alkyl branches in the LPS-nonresponsive C3H/ HeJ mouse system. Tolerance-inducing activities against LPSstimulated macrophage activation (Fig. 3) and against lethal toxicity of LPS (Table 2) were observed in the analogs as well as in GLA-60 and 506. When macrophage activation activities were examined under serum-free conditions, the activities of the analogs decreased; i.e., doses more than 1 order of magnitude higher were required to exhibit activities similar to those observed under normal serum-supplemented conditions (data not shown). Some serum factors such as LPS-binding protein (23, 24) may participate in enhancement of macrophage activation by the analogs, as in the case of enhancement of the activity by LPS. These results indicate that the activities of the analogs with alkyl branches are similar to the usual LPS type of activities and that the target cells for such activities recognize the analogs by sharing some common mechanisms with those substances with ester branches, e.g., GLA-60, 506, and LPS.
Lethal toxicity to GalN-sensitized mice was stronger in the analogs with alkyl branches such as GLA-146, GLA-147, GLA-113, GLA-114, and GLA-115 than in GLA-60 with an ester branch (Tables 1 and 3 ). This tendency was also observed for pyrogenic activity determined by conventional rabbit fever test. GLA-147 showed pyrogenic activity with a minimum pyrogenic dose of 10 g/kg (data not shown), while pyrogenicity of GLA-60 was negative even at a dose as high as 100 g/kg. An enzyme, acyloxyacyl hydrolase, which cleaves ester branches attached to primary acyl groups of lipid A was found by Munford and Hall (18) , who suggested that its role was to reduce the toxicity of LPS. They further showed that the enzyme cleaved the ester bond for secondary acyl groups but not the ester bond for primary acyl groups directly attached to the backbone (3). GLA-60 has the ester bond for the secondary acyl chain, which can be attacked by the enzyme, but the analogs with alkyl branches have no ester bond to be attacked by the enzyme to reduce toxicity. Compound GLA-46, which has a structure corresponding to the deacylated product of GLA-60 (lacking the secondary acyl groups of GLA-60), exhibited much weaker lethal toxicity than that of GLA-60 in GalN-sensitized mice system (data not shown). In disaccharide analogs, compound 406 has the structure corresponding to the deacylated product of 506. It was reported that 406 exhibited far lower toxicities than those of 506 in lethal toxicity for chicken embryos, in tissue toxicity of dermal Schwartzman reaction, and in pyrogenicity (18, 22) , although its lethal toxicity to GalN-sensitized mice was comparable to that of 506 (22) . These results indicate that the branched acyl groups play a role in expression of toxic activities.
With respect to adjuvant activity, no significant activity was observed in the analogs with alkyl branches, while the activity of the compounds with ester branches such as GLA-60 and 506 was strong. In the process of expressing this activity, activation of T cells and macrophages is required to enhance proliferation of antigen-specific antibody-producing B cells. In such a complex activation process, which is not yet well understood, there may be a step requiring recognition of the ester branches The methods for determining TNF induction are the same as those described in the legend to Fig. 2 . Test samples were examined at a dose of 100 ng/ml. Results are expressed as the mean of triplicate samples Ϯ standard deviation. These data represent one of two independent experiments with similar results.
b The methods for determining mitogenicity are the same as those described in the legend to Fig. 4 . Spleen cells from C3H/He mice were used. Activity is expressed as a stimulation index (SI), which is the rate relative to the mean radioactivity incorporated in the cell control without stimulation (631 cpm). Results are expressed as the mean of triplicate samples Ϯ standard deviation. Similar results were obtained in two other experiments.
c See Table 1 , footnote a. C57BL/6 mice were used.
or cleavage of the ester bond by an enzyme such as acyloxyacyl hydrolase. In summary, the role of the attaching mode of branched side chains in branched acyl groups of lipid A in expression of endotoxic activities was analyzed for the first time in this study by use of synthetic monosaccharide lipid A analogs with alkylbranched acyl substituents. The attaching mode was found to have little influence on expression of in vitro activities such as macrophage activation and mitogenic activities and some influence on expression of lethal toxicity and adjuvant activity.
